Lyme disease (LD) is an emerging infectious disease in Canada associated with expansion of the geographic range of the tick vector Ixodes scapularis in eastern and central Canada. A scoping review of published research was prioritized to identify and characterize the scientific evidence concerning key aspects of LD to support public health efforts. Prior to initiation of this review, an expert advisory group was surveyed to solicit insight on priority topics and scope. A pre-tested search strategy implemented in eight databases (updated September 2016) captured relevant research. Pre-tested screening and data characterization forms were completed by two independent reviewers and descriptive analysis was conducted to identify topic areas with solid evidence and knowledge gaps. Of 19,353 records screened, 2,258 relevant articles were included in the review under the following six public health focus areas: a) surveillance/monitoring in North America (n=809); b) evaluation of diagnostic tests (n=736); c) risk factors (n=545); d) public health interventions (n=205); e) public knowledge, attitudes and/or perceptions in North America (n=202); and f) the economic burden of LD or cost-benefit of interventions (n=32). The majority of research investigated Borrelia burgdorferi (n=1,664), humans (n=1,154) and Ixodes scapularis (n=459). Sufficient research was identified for potential systematic reviews in four topic areas: a) accuracy of diagnostic tests; b) risk factors for human illness; c) efficacy of LD intervention strategies; and d) prevalence and/or incidence of LD in humans or B. burgdorferi sensu stricto in vertebrate reservoirs or ticks in North America. Future primary research could focus on closing knowledge gaps, such as the role of less studied vertebrate reservoirs in the transmission cycle. Results of this scoping review can be used to quickly identify and summarize relevant research pertaining to specific questions about LD or B. burgdorferi sensu lato in humans, vertebrate hosts or vectors, providing evidence-informed information within timelines that are conducive for public health decision-making.
Introduction
Lyme disease (LD) is the most common tick-borne infection affecting humans in North America and Eurasia (1) . It is a multisystem infectious disease caused by bacteria of the Borrelia burgdorferi sensu lato (s.l.) species complex comprising more than 20 genospecies, including the human pathogens B.burgdorferi sensu stricto (s.s) in North America and B. garinii, B. afzelii, B. burgdorferi s.s., B. spielmanii, B. bissettii and B. bavariensis in Europe (2, 3) . In Canada, LD is an emerging issue, and human cases have increased six-fold (from 144 to 917 cases) between 2009 and 2015 as Ixodes scapularis and Ixodes pacificus ticks' range has expanded (4) (5) (6) . Predictive models suggest that factors related to climate change and land use are driving changes in the epidemiology of LD (7) (8) (9) .
The tick I. scapularis is the main vector in northeastern and upper midwestern United States (US) and bordering areas of Canada, while I. pacificus is the major vector in western US and western Canada (10, 11) . The main vector in western Europe is Ixodes ricinus (3) while in eastern Europe and Asia it is I. persulcatus (12) . Immature ticks (larvae and nymphs) require small to medium size vertebrates (rodents, reptiles and birds), while adult ticks feed on medium to large mammals (such as deer) (3, 13) . Other SCOPING REVIEW human biting tick species share the same geographic location as known vectors of B. burgdorferi s.l.; however, these ticks are not competent vectors. Competence is established for some tick species that rarely feed upon humans (e.g., I. angustus and I. spinipalpis), but they could be contributing to the maintenance of B. burgdorferi s.l. transmission cycles involving other vertebrate reservoirs (14, 15) .
In general, early symptoms of human infection include a characteristic rash, fever, headache and lethargy. If untreated with antibiotics, infection can progress to early disseminated LD (with neurological or cardiac manifestations) and then to late disseminated LD (comprised of neurological manifestations and Lyme arthritis) (16) .
Lyme disease is a public health issue in Canada. The number of reported LD cases increased more than six-fold, from 144 in 2009 to 917 in 2015, mainly in Central and Eastern Canada (6) . To support evidence-informed decision-making on this emerging public health issue in Canada, synthesis research was prioritized to systematically identify and summarize the global evidence on LD and B. burgdorferi s.l. epidemiology, diagnosis, prevention and control. Synthesis research methodologies include scoping reviews on broadly defined questions and systematic reviews and meta-analysis on narrowly defined questions (17) (18) (19) . Synthesis research methodologies aim to identify and summarize evidence on a topic in a systematic, reproducible and updateable manner (18, 19) . The objective of a scoping review is to identify the quantity and characteristics of research on a defined topic to understand where evidence saturation and knowledge gaps exist (20) (21) (22) (23) . The outputs from this study will identify areas where priority systematic reviews could be conducted and those requiring additional research to address knowledge gaps.
The objective of this review was developed with an expert advisory group and aimed to identify and characterize the available literature addressing the following aspects of LD that are relevant for public health: a) surveillance and monitoring to determine the extent of LD in humans and/or B. burgdorferi s.s. in vertebrate reservoirs or vectors in North America; b) evaluation of diagnostic tests; c) risk factors reported for LD in humans or exposure to B. burgdorferi s.l. and for the occurrence of B. burgdorferi s.l. in vertebrate reservoirs or vectors; d) the efficacy of public health intervention strategies to prevent and/or control LD in humans or B. burgdorferi s.l. in vertebrate reservoirs or vectors; e) North American public attitudes and/or perceptions towards LD and potential prevention and control strategies; and f) the economic burden or cost-benefit of interventions and potential prevention and control strategies.
Methods

Review protocol, team and expertise
A scoping review protocol, which is available upon request, was developed a priori to ensure the synthesis methods are reproducible and applied consistently in a manner that minimized bias. The review team consisted of individuals with multi-disciplinary expertise in epidemiology, microbiology, veterinary public health, zoonoses, knowledge synthesis and information science.
An expert advisory group of six scientists and public health professionals was established to solicit expert insight on the LD issue, the types of research available and the scope of the review. The expert input defined the literature needed for decision-making, planning and response towards preventing and mitigating the public health risks from LD. The experts were specialists in the ecology of zoonotic diseases, laboratory and field-based surveillance, emerging and vectorborne diseases, molecular biology and veterinary medicine. Input was provided through a questionnaire and consensus meeting (materials are available upon request).
Review question and scope
The scoping review question was developed using a modified version of the Cochrane PICOS/ PECOS (population, intervention/exposure, comparison, outcomes and study design) framework (17) . "What is the current state of scientific knowledge on surveillance/monitoring, prevalence and incidence, societal attitudes and/or perceptions in North America and global prevention and control strategies, risk factors and diagnosis of LD in humans and B. burgdorferi s.l. in vector and vertebrate reservoirs?" The "populations" of interest were humans, vectors and vertebrate reservoirs. The "interventions/ exposures" were the major topic categories: surveillance/ monitoring, prevalence and incidence, societal attitudes and/ or perceptions in North America (Canada, US and Mexico) and global evaluation of diagnostic tests, prevention and control strategies and risk factors. The "outcomes" were LD or infection/ exposure to B. burgdorferi s.l. To our knowledge this is the only scoping review with a broad focus on global LD research relevant for public health; a previous scoping review focused only on research from Australia (24) .
Search strategy
A comprehensive search strategy, adapted to the specific requirements of each database, was implemented without limits in the following bibliographic databases on September 13, 2013 and updated on September 27, 2016: Centre for Agriculture and Bioscience (CAB) Abstracts, Scopus, PubMed, BIOSIS, PsycINFO, APA PsycNet, Sociological Abstracts, and EconLit. These databases were chosen to ensure appropriate breadth across multiple disciplines. The original search of BIOSIS (via web of knowledge) could not be updated as the database is no longer available. The search algorithm was optimized in Scopus. The capacity of the electronic search to identify all relevant primary research was confirmed by hand-searching reference lists from two primary research papers (25, 26) , Practice Guidelines by the Infectious Diseases Society of America (10), one systematic review (27) , three narrative reviews (28) (29) (30) and four European conference proceedings (31) (32) (33) (34) .
A search for grey literature on the websites of government and research organizations worldwide was conducted in February 2014, to complement the electronic database search. Only government and research reports and theses/dissertations were considered for inclusion in the review as grey literature.
Relevance screening and inclusion criteria
Citation titles and abstracts were screened using an a priori designed form consisting of two questions: whether the citation described primary research on LD or B. burgdorferi s.l. and whether it was relevant to one or more aspects of the research question. Primary research was considered original research where authors generated and reported their own data. Articles in English, French and Spanish were included while other languages were excluded due to limited translation resources.
Data characterization and extraction
Complete articles of potentially relevant citations were reviewed using a data characterization and utility (DCU) form consisting of 20 questions designed a priori and available upon request. These questions aimed to confirm article relevance, data utility and allow extraction of the main article characteristics to properly classify the study methodology, population(s), laboratory tests, objectives and outcome characteristics. This could result in one study meeting one, two or more categories.
Scoping review management, data charting and analysis
The search results were imported, de-duplicated and managed in reference management software (RefWorks 2.0; ProQuest LLC, Bethesda, Maryland, US). The scoping review was managed in a web-based electronic systematic review management platform (DistillerSR, Evidence Partners, Ottawa, Ontario, Canada). Two reviewers independently completed all steps of the scoping review. Eight reviewers pre-tested the relevance screening tool with 50 abstracts (kappa>0.8) and the DCU form using three articles. Discrepancies between reviewers were examined and following discussion the form was updated to increase clarity and relevance of questions. The protocol and a reviewer guideline were used to standardize reviewer answers and help resolve conflicts. Resolution of conflicts between reviewers was reached by consensus or by consultation with a third reviewer. Data collected in the DCU form were exported into Excel spreadsheets (Microsoft Corporation, Redmond, Washington, US), formatted and analyzed descriptively (frequencies and percentages) to facilitate categorization and charting.
Results
The search identified 19,353 abstracts and titles and 4,910 full papers screened for relevance ( Figure 1) . The scoping review included 2,258 relevant articles (full list provided in the Supplementary References) (35) . The majority of the included research was published after 1990 (91.4%; n=2,064) and of those (82.8%; n=1,869) were journal articles (Appendix 1). Included articles were in English (n=2,241), French (n=14) and Spanish (n=3); 282 potentially relevant articles were excluded from the review because they were in other languages (e.g., German, n=75 articles; Russian, n=53; and Polish, n=43). The excluded studies represent an unknown language bias for some focus areas: the evaluation of diagnostic tests (n=131); risk factors (n=94); interventions (n=64); and economic evaluations of the burden of LD (n=7). There was a high proportion of North American research (70.8%; n=1,597); this likely results from non-North American exclusions under surveillance and public attitudes and/or perceptions categories in addition to the language exclusions.
Research activity across the six focus areas has changed over time ( Figure 2 ) starting with the earliest relevant paper by Steere et al., 1977 that described an outbreak of Lyme arthritis, mainly in children (36) .
Since then, the majority of LD research has focused on surveillance (n=809), diagnostic tests (n=736) and identification of risk factors (n=545) on all sample population categories ( Table 1 ). The least amount of primary research has been on the economic burden or cost-benefit of interventions for LD (n=32).
The 2,258 papers were compared not only by publication year (Figure 1 ) and study focus groups ( 37), but were sampled and tested in studies of tick range and habitat because their range overlaps with the known vectors.
Surveillance and monitoring in North America
Epidemiological surveys or surveillance and monitoring programs ( surveillance programs for humans (38) (39) (40) (41) (42) (43) (44) , two for vertebrate reservoirs (45, 46) and none for vector surveillance programs.
Studies include both formal surveillance programs with ongoing (routine) active collection and analysis of data, as well as epidemiological surveys that actively collect and analyse data over a specific and/or defined time period. Laboratory-based surveillance differs from population-wide surveillance and passive physician reporting schemes in that only laboratory test submissions are identified by this type of surveillance. Patients who do not seek medical attention or seek medical attention but are not tested will not be captured by this type of surveillance system.
Accuracy of diagnostic tests
A large number of studies, 32.6% (n=736), evaluated the accuracy of diagnostic and/or screening tests for B. burgdorferi s.l. infection or exposure (Appendix 1). Of these, 546 articles evaluated tests for humans, 158 for vertebrate reservoirs and 89 for vectors. More information on this is available in a separate publication (47) .
Risk factors
Risk factors related to human or host exposure to ticks, acquiring LD in humans or B. burgdorferi s.l. infection in hosts or ticks were reported in 24.1% (n=545) of included articles ( Table 3) . One or more risk factors were significant in most of these articles (n=425 of the 545 articles). The most frequently evaluated potential risk factors were related to geography (region, type of development; 13.0%; n=294), and landscape features (e.g., presence of leaf litter, elevation, woodland type; 9.2%; n=207). Many studies examined human risk factors related to high risk behaviours (e.g., walking in the woods and gardening; n=32) and demographics (e.g., age and gender; n=213).
Public health interventions
Intervention efficacy to prevent tick exposure, LD in humans or B. burgdorferi s.l. infection in vertebrate reservoirs or vectors was reported in 9.1% (n=205) of included articles. Vaccination (3.5%; n=78), was the most evaluated type of intervention for humans (n=26), dogs (n=25), horses (n=1) or animal models using rodents, birds, chickens, embryonated chicken eggs and Rhesus monkeys (n=28) ( Table 4 ). Chemical control measures were reported in 2.5% (n=56) of articles, including treatment of vertebrate hosts, use of persistent acaricides and spraying of acaricides or desiccants on vegetation. A range of personal protective measures for humans were also evaluated in 2.7% of articles (n=62).
Attitudes and/or perceptions in North America
Public knowledge, attitudes and/or perceptions towards LD and potential prevention and control strategies in North America were reported in 8.9% (n=202) articles. The general public (n=68) and/or physicians (n=32) were usually the target populations and the research aim was to assess knowledge of LD (n=131), perception of severity and vulnerability to LD (n=73), protective/risky behaviors (n=73) and knowledge and attitudes towards protection measures (n=56) ( inexpensive health education messages, grounded on social learning theory, can result in increased protective behaviors and a reduced rate of LD (48) (49) (50) (51) (52) (53) .
Economic burden and cost-effective interventions
Primary studies of the economic burden of LD or cost-benefit of interventions were reported in 1.4% (n=32) of the articles. These included analysis of the cost of diagnostic tests for LD, health care costs for patients and cost of particular interventions.
Discussion
This scoping review provides an assessment of the quantity and characteristics of the global evidence for six focus areas of LD and B. burgdorferi s.l. research on humans, vertebrate reservoirs and vectors, which included surveillance and monitoring in North America, evaluation of diagnostic tests, risk factors, interventions, public attitudes and perceptions in North America and the economic burden or cost benefit of public health interventions. The recommended protocol for LD diagnosis is based on clinical symptoms, a history of exposure to infected ticks and/ or travel to an endemic area, which may also be supplemented by diagnostic testing (55). Recommended diagnostic testing in Canada, the US and most European countries includes a two-tiered serologic testing protocol where a positive or equivocal enzyme immunoassay (EIA) screening test is followed by a confirmatory Western blot (55-58). Improvements to LD diagnostic tests, particularly improved sensitivity for testing early stages of LD, is an active research area. Thus, periodic updates to the two recently published systematic reviews on the accuracy of diagnostic tests for humans in North America, prioritized from this scoping review, and Europe is warranted (47, 59) .
Knowledge saturation and gaps
There are many parallels between the significant risk factors studied and the intervention strategies evaluated, particularly for human personal protective measures and outcomes of tick presence or risk of tick exposure and landscape modification. Overall, the quantity of research on each risk factor or intervention was quite small; most authors highlighted additional needed research. Even though there may not be a lot of research, systematic reviews summarizing evidence on significant risk factors and intervention efficacy would be useful for the development of new prevention and education strategies for public health. Vaccination was the only intervention category for which there were many studies evaluating potential or commercial vaccines for humans, dogs or horses. No further work on this topic is warranted as a systematic review was recently published (60) . Lyme vaccines are currently approved and used in dogs, and there has not been a commercial vaccine available for humans since the withdrawal of LYMErix in 2002 (61) (62) (63) (64) .
Research estimating the economic impact of LD or public attitudes and perceptions compliment many of the other research focuses. Where economic information is useful in placing an issue on the public health agenda and for the justification of allocated resources (1, 65) , understanding the drivers and barriers to behavior change can determine the success of a public education intervention. This review captured several different types of economic models and data that could be used as a framework to estimate the cost of LD or other outcomes using local cost estimates. Similarly, research investigating public attitudes and/or perceptions towards LD and potential prevention and control strategies provides an in depth understanding of the context and would be a complimentary addition to results from systematic reviews of public health interventions. These include evaluations of knowledge, attitudes, willingness to pay and the impact of public programs on behaviour (e.g., the use of personal protective measures) (26) . Several limitations to this research exist: few studies were based on a model of human behavior change, studies were small thus less generalizable and surrogate and subjective outcome measures for behavior change were often used due to difficulties in obtaining objective measurements (66) (67) (68) .
Limitations of study
Limitations to this scoping review include the language bias noted above and the potential for publication bias if all relevant research is not identified; the impact of these biases on the review results is largely unknown. There may also be limitations in the utility of the review due to the scope, but this depends on the needs of the end user.
This review focuses on the utility of evidence from each focus area and highlights where there is knowledge saturation and gaps in the literature.
Conclusion
This scoping review is an evidence-informed overview of the quantity and characteristics of the research underpinning each focus area; surveillance and monitoring, diagnostic tests, risk factors, interventions, attitudes and perceptions and economic research on LD and B. burgdorferi s.l. in humans, vertebrate reservoirs and vectors. The review provides a very broad understanding of what is known and unknown on this topic at this time and the identified knowledge gaps can be used to prioritize funding for future research. The searchable database created during this scoping review will facilitate addressing both anticipated and unanticipated questions using a systematic review methodology along timelines that are more conducive to decision-making, which is only possible because the relevant research has already been identified and characterized. Thus, several systematic reviews (e.g., on risk factors and interventions for each study population) could be undertaken to provide evidence-informed summaries of information on LD and B. burgdorferi s.l. where estimates of specific outcomes are needed for decision-making. 0.3 
Appendix 1: General characteristics of 2,258 included articles
Abbreviations: n, number; R 2 , the coefficient of determination and is the proportion of the variance in the dependent variable that is predictable from the independent variable(s) a Other document types include: letters to the journal editor or correspondence, brief communications, newsletters/bulletins, guidelines/police statements, poster, patent, PowerPoint presentation b Multiple answers allowed per article in some categories (i.e., percentages do not add to 100%) c Only relevant research from North America on surveillance, and public and health professionals/ physicians knowledge, attitudes and/or risk perceptions towards LD and potential prevention and control strategies was characterised, consequently there was considerably more research characterised from North America d Enzyme-linked immunosorbent assay (ELISA), enzyme immunoassay (EIA) or immunofluorescence assay (IFA), Western blot, polymerase chain reaction (PCR) tests, culture and microscopy were most frequently reported e Includes spatial analysis, predictive models, cost effectiveness, risk models and longitudinal correlation f Includes simulation model, percentage of total surveyed, presence or absence, behaviour results, percent reduction, percentage of control, genomic information and tick bite reduction ratio 
